The purpose of this study was to investigate the prediction of mechanical error using DICOM-RT plan parameters for volumetric modulated arc therapy (VMAT). We created plans for gantry rotation arcs of 360° and 180° (full-arc and half-arc VMAT) for six maxillary sinus cancer cases using a Monaco treatment planning system, and delivered the doses with a linear accelerator. We calculated DICOM-RT plan parameters, including gantry, multileaf collimator ( 
Introduction
Volumetric-modulated arc therapy (VMAT) is the administration of intensity-modulated radiotherapy (IMRT) in a single gantry arc, in which gantry speed, dose rate, and multileaf collimator (MLC) leaf speed are varied during gantry rotation [1] . VMAT is comparable to IMRT, but features decreased delivery time and lower monitor units (MU) [2] . This delivery technique demands a more complex treatment delivery scheme, requiring patientspecific quality assurance (QA). Pretreatment patient-specific QA methods described to date include film and ion chambers in a cylindrical water phantom [3] and a 2-dimensional array of ion chambers [4] . Newer phantoms have been developed for VMAT include the Delta4 (Scandidos, Uppsala, Sweden) [5] and ArcCHECK (Sun Nuclear Corp., Melbourne FL, USA) [6] , as well as electronic portal imaging devices (EPID) [7] that can replace film measurement. However, these devices cannot evaluate plan parameters such as gantry or MLC position.
Several groups have proposed the use of machine log file analysis as an alternative for IMRT and VMAT QA [8] - [10] . However, log file evaluation must be performed after VMAT delivery. Neelan et al. developed a real time dose monitoring tool and reported that the linac data monitor is capable of detecting and quantifying mechanical and dosimetric errors at various stages of planning and delivery [10] . The accuracy of a given plan depends on the plan's characteristics. We speculated that machine parameters from DICOM-RT plan may be used to predict mechanical errors in gantry angle and MLC position.
We investigated the prediction of mechanical error when using DICOM-RT VMAT plan parameters, assessing delivery by recording gantry angle and MLC position errors during VMAT delivery in a log file.
Materials and Methods

Treatment Planning
Six patients with maxillary sinus cancer were randomly selected for the study. VMAT plans were created using the Monaco 3.0 (Elekta, Maryland Heights Missouri, USA) treatment planning system (TPS). We compared gantry rotation angles of 360˚ (full-arc VMAT) and 180˚ (half-arc VMAT). In our previous study, root mean square (r.m.s.) gantry acceleration and r.m.s. gantry angle error during half-arc VMAT delivery were 30% and 23% lower than those during full-arc VMAT delivery, respectively [11] . We defined gross tumor volume (GTV) as visible tumor on computed tomography (CT) and magnetic resonance imaging (MRI). We defined the clinical target volume (CTV) by adding an isotropic margin of 5 mm to the GTV. We defined the planning target volume (PTV) by adding an isotropic margin of 3 mm to the CTV to account for setup uncertainty and mechanical inaccuracy. The range of PTVs was 130.0 -345.0 cc. We contoured the brain, brainstem, spinal cord, optic chiasm, ipsilateral and contralateral eyes, and ipsilateral and contralateral optic nerves as organs at risk (OARs). We fixed the collimator and couch angles at 0˚. We prescribed a dose of 66 Gy in 33 fractions to 95% of the PTV, and restricted the maximum dose to 110% of the prescribed dose. The dose-volume criteria used for the VMAT optimization can be found in our previous work [11] . We optimized the full-arc and half-arc VMAT plans with the same optimization objectives. Monaco TPS implement a two-stage process for the optimization of dose distributions. In the first stage, the fluence distribution of VMAT beams is optimized. In the second stage, the beam segmentation is optimized. A finite size pencil beam algorithm [12] is used for beamlet fluence optimization and fast calculation of dose from segmented beams. To provide more accurate dose calculations in the second stage, Monaco TPS also offers a Monte Carlo dose calculation engine based on the XVMC [13] code coupled with the virtual energy fluence model of a treatment head [14] . The Monaco TPS provides Monte Carlo dose calculations with a grid size of 3 mm and variance of 3%.
Calculation of Plan Parameters
We calculated parallel plan parameters using MATLAB (MathWorks Inc., Natick MA, USA) software, defining the specified gantry angle position, MLC leaf position, and cumulative delivered monitor units (MUs) for each segment. We calculated the gantry angle position, MLC positions, and MUs with a DICOM-RT plan, which determines gantry angle and MLC positions, and calculates the gantry and MLC parameters for each segment. We defined the gantry parameters from differences in position between gantry angle positions for each segment (degrees/MU). We defined MLC parameters using the number of MU at different positions of adjacent MLC leaves for each segment (mm/MU).
Plan Analysis
We used a 6 MV photon beam with an MLC leaf width of 10 mm for VMAT delivery with a Synergy linear accelerator (Elekta, Crawley, UK). We transferred treatment plans from the Monaco TPS to a Desktop Pro 7.01 linac controller via a Mosaiq ver 1.6 (Elekta, Sunnyvale California, USA) record and verify system. We evaluated gantry angle and MLC position errors using a log file that recorded cumulative MU as well as planned and actual gantry angles/MLC position every 250 milliseconds. We calculated gantry angle position error by subtracting the planned gantry angle position from the actual gantry angle position for each treatment time, and the MLC position error by subtracting the planned MLC position from the actual MLC position for each treatment time. We displayed the analyzed data as mean ± standard deviation with ranges in parentheses among the six clinical plans. Figure 1 shows representative histograms of plan parameters for full-and half-arc VMAT plans for the same patient. The gantry and MLC plan parameters for all patients were 1.07 ± 0.20 and 0.56 ± 0.11 degrees/MU versus 2.96 ± 0.83 and 1.92 ± 0.20 mm/MU for full-and half-arc VMAT, respectively. On average, the half-arc VMAT plan resulted in 47% and 35% fewer degrees/MU and mm/MU than the full-arc VMAT plan. 
Results
Discussions
In this study, we investigated the relationship of DICOM-RT plan parameters with mechanical errors in VMAT plan. The r.m.s. degrees/MU and mm/MU in half-arc VMAT deliveries were smaller than those in full-arc VMAT deliveries. The larger gantry angle error might be explained by the greater acceleration of the gantry and accompanying greater inertia. Additionally, half-arc VMAT planning provided OAR sparing with identical homogeneity for the PTV [11] . On average, the half-arc VMAT resulted in 47% and 35% fewer degrees/MU and mm/MU than the full-arc plans. Plots of r.m.s. gantry angle position and MLC position errors versus calculated degrees/MU and mm/MU during the full-arc and half-arc VMAT deliveries showed an approximately linear correlation. Plan parameters with greater degrees/MU and mm/MU significantly increased gantry angle position and MLC position errors. These results suggest that quantitative analysis can predict mechanical errors in treatment planning. Larger standard deviations in gantry angle position error have been reported to strongly correlate with larger standard deviations in MLC position errors [15] . Therefore, fewer degrees/MU and mm/MU appear to improve the treatment plan. Leaf motion constraints can dramatically impact VMAT plan quality, dose calcu-lation, delivery accuracy, and delivery efficiency. The discrepancy between planned and actual position errors may affect the dose distribution. Leaf travel can be controlled in most treatment planning systems using leaf-motion constraints [16] .
Several methods for assessing IMRT plan complexity have been proposed and extensively studied [17] - [19] . Webb introduced the modulation index (MI) with the intent of defining the degree of complexity of fluence maps [17] . McNiven et al. defined the modulation complexity score (MCS), a normalized sum over all segments of the aperture area variability (AAV) and leaf sequence variability (LSV) for a step-and-shoot IMRT static beam [19] . A high degree of complexity for fixed-beam IMRT has been associated with multiple parameters. Masiet et al. evaluated the effect of VMAT plan parameters and dosimetric accuracy, together with the possibility of scoring plan complexity [20] . They delivered the planned dose to a Delta 4 phantom for dosimetric verification. The complexity of VMAT plan optimization is mainly attributable to the need to account for the motion of the gantry and MLC during rotation. A finer control point separation led to a significant increase in dosimetric accuracy for plans with high MLC travel values, and to a decrease in correlation between leaf travel and passing rates [16] .
VMAT is associated with an increase in complexity that affects many steps of the treatment process, including treatment planning, QA workload, and treatment delivery itself. This additional complexity also extends to shapes, sizes, and relative locations of tumor and OARs, required tumor dose, dose homogeneity, and dose-volume limits of OARs. The treatment plan may need to be modified to minimize dosimetric error. Plan parameters may be an acceptable way of assuring the delivery of the VMAT plan. Information in DICOM-RT can be used for VMAT routine and plan-specific QA. Quantitative analysis may offer advantages for standardization of treatment planning across multiple institutions. Further study is needed to verify whether it is also useful for other treatment sites other than the maxillary sinus cancer.
Conclusion
In conclusion, we found that degrees/MU and mm/MU showed excellent value in predicting VMAT delivery accuracy. DICOM-RT plan parameters predicted mechanical error in VMAT plan, and provided quantitative information without necessitating VMAT delivery.
